Electromagnetic energy harvesters have been used to capture low-frequency vibration energy of large machines such as diesel generators. The structure of an electromagnetic energy harvester is either planar or tubular. Past research efforts focus on optimally designing each structure separately. An objective comparison between the two structures is necessary in order to decide which structure is advantageous. When comparing the structures, the design variations such as magnetization patterns and the use of yokes must also be considered. In this study, extensive comparisons are made covering all possible topologies of an electromagnetic energy harvester. A bench mark harvester is defined and the parameters that produce maximum output power are identified for each topology. It is found that the tubular harvesters generally produce larger output power than the planar counterparts. The largest output power is generated by the tubular harvester with a Halbach magnetization pattern (94.7 mW). The second best is the tubular harvester with axial magnetization pattern (79.1 mW) when moving yokes are inserted between permanent magnets for flux concentration. When cost is of primary concern, the tubular harvester with axial pattern may become a best option.
Introduction
Extracting electrical power from the wasted sources is called energy harvesting or energy scavenging. For harvesting vibration energy, either piezoelectric or electromagnetic energy conversion can be used [1, 2] . When high output power is required or the frequency of the vibration is low, electromagnetic harvesters are preferred to piezoelectric types [3, 4] . An example of such cases is to harvest the vibration energy of diesel generators. Remote sites such as islands depend on diesel generators for electrical stability. Ships and submarines use diesel generators to supply electricity. Nuclear power plants are equipped with diesel generators to run coolant pumps if the electricity is cut off.
In many cases, it is important to monitor the status of these diesel generators. For example, it is critical to monitor the health of emergency generators in a nuclear power plant. When various sensors are deployed for status monitoring, it is sometimes impractical to provide power to them through wires [5] . For those cases, it would be necessary to have a local power source for increased reliability. Energy harvesters can fill this need.
Electromagnetic Vibration Energy Harvester

Energy Harvesting Principle
Illustrated in Figure 1 are the essential components of the electromagnetic energy harvester. An array of permanent magnets (PM) is suspended by mechanical springs. When the housing is attached to a vibrating structure such as diesel generators, the motion of the PM is amplified. The time rate of Energies 2020, 13, 627 3 of 12 the magnetic field linked by the coil induces an electromotive force in the coil which is the source of the harvested energy. The equation of motion of the magnet is m ..
where x m is the relative displacement of the PM with respect to the housing displacement, x b , and F mag is the magnetic force due to the coil current. The damping coefficient, c, includes both mechanical and electrical damping [13, 14] .
Energies 2020, 12, where m x is the relative displacement of the PM with respect to the housing displacement, b x , and mag F is the magnetic force due to the coil current. The damping coefficient, c, includes both mechanical and electrical damping [13, 14] . If the housing vibrates sinusoidally with the excitation frequency of ex ω , which can be expressed as ω = ex sin , b b
x X t (2) the relative displacement of the PM is also sinusoidal, the amplitude of which is given as [15] ζ = − + where r is the ratio of the excitation frequency to the natural frequency ( / k m ), and the damping ratio is defined as
If the harvester is attached to a machine having a constant vibration frequency such as diesel generators, the spring constant can be adjusted so that the harvester vibrates at the resonance point ( 1 r = ) and the vibration amplitude is close to
Typically, the damping ratio is very small (less than 0.1). Therefore, the motion of the PM is amplified with respect to the base motion. The induced voltage in the coil is
where coil N is the number of coil turns and φ is the magnetic flux linked by the coil.
Design Alternatives
In literature, the geometry of the harvester is mostly either planar [3, 10, 11] or tubular [12, 16, 17] . As shown in Figure 2 , both configurations consist of a mover (typically a PM array), a set of coils, and a stator for holding the coil set and for providing structural rigidity. When choosing a particular harvester geometry, a designer must be confident that the selected structure produces more output If the housing vibrates sinusoidally with the excitation frequency of ω ex , which can be expressed as
the relative displacement of the PM is also sinusoidal, the amplitude of which is given as [15] X m = X b r 2
where r is the ratio of the excitation frequency to the natural frequency ( √ k/m), and the damping ratio is defined as
If the harvester is attached to a machine having a constant vibration frequency such as diesel generators, the spring constant can be adjusted so that the harvester vibrates at the resonance point (r = 1) and the vibration amplitude is close to
where N coil is the number of coil turns and φ is the magnetic flux linked by the coil.
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In literature, the geometry of the harvester is mostly either planar [3, 10, 11] or tubular [12, 16, 17] . As shown in Figure 2 , both configurations consist of a mover (typically a PM array), a set of coils, and a stator for holding the coil set and for providing structural rigidity. When choosing a particular harvester geometry, a designer must be confident that the selected structure produces more output power than the other, using the same volume and at the same operating condition. We also need to know whether the use of back irons (yokes) is beneficial or not. When a PM array is used as a mover, the magnetization pattern of the array is also important for several reasons. Obviously, the magnetization pattern affects the output power of the harvester. It is also necessary to take such factors into consideration as the ease of manufacturability and the cost. power than the other, using the same volume and at the same operating condition. We also need to know whether the use of back irons (yokes) is beneficial or not. When a PM array is used as a mover, the magnetization pattern of the array is also important for several reasons. Obviously, the magnetization pattern affects the output power of the harvester. It is also necessary to take such factors into consideration as the ease of manufacturability and the cost. As illustrated in Figure 3 , two magnetization patterns are used: axial and Halbach patterns. Although it is well known that the Halbach pattern increases the harvester output power [10, 11] , it is important for a designer to be able to assess the gain in the output power by adopting a more complex magnetization pattern. It is also useful to know how much the harvester output power would change depending on whether the stator material is magnetic or not. Once the structure and the magnetization pattern of the harvester are decided, the design parameters must be determined. For a fair comparison, it is critical that each design alternative must be optimized before being compared with others. As illustrated in Figure 3 , two magnetization patterns are used: axial and Halbach patterns. Although it is well known that the Halbach pattern increases the harvester output power [10, 11] , it is important for a designer to be able to assess the gain in the output power by adopting a more complex magnetization pattern. It is also useful to know how much the harvester output power would change depending on whether the stator material is magnetic or not. Once the structure and the magnetization pattern of the harvester are decided, the design parameters must be determined. For a fair comparison, it is critical that each design alternative must be optimized before being compared with others.
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Analysis Method and Optimization
Analysis Method
If the geometry is simple or the design variations are limited, analytical models of the harvester can be derived for the purpose of optimization as in [13] . However, it is rather impractical to obtain the mathematical models of all eight configurations considered in this paper. The presence of the moving yoke makes the modeling especially difficult since the magnetic flux inside the moving yokes change drastically both in the magnitude and in the direction. In this paper, the distribution of the magnetic field is obtained using finite element analyses (FEA). A public domain solver, Finite Element Method for Magnetics (FEMM) [18] , is used for this purpose. Once the flux distribution is obtained from FEA, the induced voltage can be calculated by noting that
If the vibration is sinusoidal in the form of
the induced voltage is then
The root-mean-square (RMS) output voltage across the load resistance can be approximated as
Thus, the output power can be written as
Here, the coil resistance is dependent on the design parameters. If we suppose that three phase coils are fully packed, we can determine the width of the coil separation. The coil cross-section area is then
The number of coil turns can be determined by
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where A coil is the cross-sectional area of a single coil and f c is the packing factor which is typically around 0.5 to 0.7 for round wires. For planar harvesters, the coil resistance is estimated by
where ρ Cu is the resistivity of copper [13] . It is assumed that the end turns follow a half circle. The median length of the end turns is added to the resistance estimation. For tubular harvesters, the coil resistance equation is somewhat simpler because end turns are not necessary:
where r avg is the average radius of the coil. Figure 4 summarizes the analysis steps to calculate the output power of the harvester. For each configuration, a total of 900 cases of design variations are considered: 30 cases of moving yoke and 30 cases of coil separation. Since eight configurations are considered, the total of 7200 design cases are evaluated using FEA in this paper.
Energies 2020, 12, x FOR PEER REVIEW 6 of 12
where avg r is the average radius of the coil. 
Validation of the Method
To reduce the computation time, the geometry analyzed in the FEA is simplified and consists of only the stator, coil, and the PM array. The actual harvester has other components such as springs, bolts, and side panels that may affect the output power of the harvester by distorting the magnetic field. Therefore, it is necessary to show that the output power from the FEA is comparable to that of the actual harvester. For this purpose, a prototype harvester is built. The parameters of the prototype harvester are summarized in Table 1 . 
To reduce the computation time, the geometry analyzed in the FEA is simplified and consists of only the stator, coil, and the PM array. The actual harvester has other components such as springs, bolts, and side panels that may affect the output power of the harvester by distorting the magnetic field. Therefore, it is necessary to show that the output power from the FEA is comparable to that of the actual harvester. For this purpose, a prototype harvester is built. The parameters of the prototype harvester are summarized in Table 1 . Actual pictures of the harvester are shown in Figure 5 . The harvester was mounted on a vibration shaker (VS-120-06, IMV Corp., Japan) and excited at various frequencies including 10.5 Hz which is the natural frequency. The vibration of the PM mover was measured by an accelerometer (DeltaTronType4397, Brüel&Kjaer, Denmark) . The open-circuit output voltage was measured by a digital storage oscilloscope at the sampling rate of 10 kHz. A sample waveform of the open-circuit voltage is shown in Figure 6 . The RMS output voltage was then computed by
where N is the number of sampled voltages. The measurements were repeated 10 times for each excitation frequency. The variability of the open-circuit voltages were calculated from these 10 measurements. Table 2 shows the measured voltages and the variability (measurement uncertainty).
The variability was at most 4% of the RMS voltage. (16) where N is the number of sampled voltages. The measurements were repeated 10 times for each excitation frequency. The variability of the open-circuit voltages were calculated from these 10 measurements. Table 2 shows the measured voltages and the variability (measurement uncertainty).
The variability was at most 4% of the RMS voltage. Energies 2020, 13, 627 8 of 12 Figure 5 . On the left is a picture of the harvester used for validation of the method. The harvester consists of springs, a coil, and a mover which carries PM array. The magnetization pattern of PM array is Halbach which is shown in the right picture. The coil is hidden beneath the mover. An accelerometer measures the vibration of the mover. A set of low-friction roller guides ensure vertical motion. The RMS open-circuit voltage calculated by the method in the preceding section was obtained by using Equation (16) . The RMS voltages by FEA were compared with the measured ones in Table 2 . The excitation frequencies were 10.5 Hz, 10.6 Hz, 11 Hz, and 12 Hz. The error between the measured voltage and the predicted voltage was calculated by
The errors of cases were below 10%. Based on these results, it was assumed that the method of using FEA for calculating the output power was valid for the purpose of comparisons.
Results and Discussions
For the purpose of comparisons, the reference design of the harvester was defined as follows. It was assumed that the excitation frequency was 10 Hz, which was the first mode frequency of a 12-pole diesel generator producing 60-Hz electricity. The axial length, w m , of PM assembly was 20 mm. The thickness, h m , was 5 mm. It was assumed that the mover mass was identical with or without the moving yoke. This was a reasonable assumption because iron is only 5% heavier than neodymium-iron-boron (NdFeB) magnets. Even if 50% of PM was replaced with yoke iron, the mass would change only by 2.5%, thereby negligibly affecting the natural frequency. The gap, h, between the PM assembly and the stator was 5 mm. The inner radius of tubular PM assembly was 7.5 mm. The depth of planar PM assembly was 62.8 mm so that the PM volumes of two structures were the same. The vibration amplitude of the PM array, X m , was 10 mm. The number of PM layers was four.
All eight topologies were optimized with respect to the moving yoke size and the coil separation distance. Figure 7 shows the optimization results of four topologies of the planar structure, while Figure 8 summarizes the results of four topologies of the tubular structure. Four rows in Figure 7 correspond to each topology of planar structure. For example, the first row is the power variation Energies 2020, 13, 627 9 of 12 of the planar harvester having axial magnetization pattern with nonmagnetic stator. On the left, the 3D plot illustrates the overall trend of power variation with respect to the coil separation distance (c s ) and the moving yoke size (w my ). On the left of each row, a 2D graph showing power variation with respect to the coil separation distance is provided to quantitatively compare the performance of differing topologies. Two representative cases of moving yoke sizes are displayed in the 2D graphs: one where maximum power is obtained and the other when the moving yoke size is largest (smallest overall power).
Energies 2020, 12, x FOR PEER REVIEW 9 of 12 increased to 51.4 mW as shown in the second row of Figure 7 . The maximum occurred at the same point as that of the case with no stator. The magnetic stator decreased the reluctance of the flux path. Therefore, the level of the overall flux density increased with the magnetic stator. If the magnetization pattern was Halbach (third and fourth rows in Figure 7) , the maximum occurred when the size of the moving yoke was zero, which meant that the presence of the moving yoke decreased the output power. Researchers have shown that the Halbach pattern produces the largest output power for planar structure [10, 11] and that the moving yokes tend to concentrate magnetic field for axial pattern but disrupt the already focused field distribution of the Halbach pattern. However, the magnetic stator is advantageous even for the Halbach pattern. When the stator was nonmagnetic, the maximum was 44.2 mW with the coil separation distance of 11.3 mm as shown in the third row of Figure 7 . The magnetic stator increased the output power as can be seen in the fourth row of Figure 7 . The maximum output power was 77.8 mW. Figure 7 . The variations of output power of planar harvesters. The top row is the case of axial PM array with nonmagnetic stator. The second row is for axial PM array with magnetic stator. The third and fourth row are the cases of the Halbach PM array with and without magnetic stator, respectively. Each row shows the variation of the output power with respect to coil separation and moving yoke size (on the left). On the right of each row, two representative cases of moving yoke size are selected to quantitatively compare the maximum power of different topologies.
The results for the tubular harvesters follow similar trends. The top row of Figure 8 is the case of the tubular harvester with axial magnetization pattern. The stator is nonmagnetic. The maximum output power was 50.8 mW. The optimal point was the same as the planar case. If the stator was magnetic, the maximum increased to 79.1 mW (the second row of Figure 8 ). As was the case for the Figure 7 . The variations of output power of planar harvesters. The top row is the case of axial PM array with nonmagnetic stator. The second row is for axial PM array with magnetic stator. The third and fourth row are the cases of the Halbach PM array with and without magnetic stator, respectively. Each row shows the variation of the output power with respect to coil separation and moving yoke size (on the left). On the right of each row, two representative cases of moving yoke size are selected to quantitatively compare the maximum power of different topologies.
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The two ridges in the top two rows of Figure 7 revealed that two local maxima existed with respect to the coil separation distance, one at small and the other at large coil separation distance, when the magnetization pattern was axial. Small coil separation distance enclosed fast-changing flux variations. However, more flux was encompassed by larger coil distance, which resulted in higher output power.
The maximum power for the case of the top row of Figure 7 (planar structure, axial pattern, nonmagnetic stator) was 31.1 mW when the moving yoke size was 0.8 mm and the coil separation distance was 16.9 mm. The presence of the moving yoke slightly increased the output power. The moving yoke concentrated the magnetic flux up to a certain level, but decreased the overall flux density if it was too large. When the stator was made of magnetic material, the maximum was increased to 51.4 mW as shown in the second row of Figure 7 . The maximum occurred at the same point as that of the case with no stator. The magnetic stator decreased the reluctance of the flux path. Therefore, the level of the overall flux density increased with the magnetic stator.
If the magnetization pattern was Halbach (third and fourth rows in Figure 7) , the maximum occurred when the size of the moving yoke was zero, which meant that the presence of the moving yoke decreased the output power. Researchers have shown that the Halbach pattern produces the largest output power for planar structure [10, 11] and that the moving yokes tend to concentrate magnetic field for axial pattern but disrupt the already focused field distribution of the Halbach pattern. However, the magnetic stator is advantageous even for the Halbach pattern. When the stator was nonmagnetic, the maximum was 44.2 mW with the coil separation distance of 11.3 mm as shown in the third row of Figure 7 . The magnetic stator increased the output power as can be seen in the fourth row of Figure 7 . The maximum output power was 77.8 mW.
The results for the tubular harvesters follow similar trends. The top row of Figure 8 is the case of the tubular harvester with axial magnetization pattern. The stator is nonmagnetic. The maximum output power was 50.8 mW. The optimal point was the same as the planar case. If the stator was magnetic, the maximum increased to 79.1 mW (the second row of Figure 8 ). As was the case for the planar structure, the Halbach magnetization pattern increased the output power: 60.4 mW for the nonmagnetic stator (the third row of Figure 8 ) and 94.7 mW for the magnetic stator (the fourth row of Figure 8 ). The PM array without any moving yoke produced the maximum output power since the moving yokes distorted the concentrated field distribution of Halbach pattern.
For both planar and tubular structures, the adoption of magnetic stator was advantageous in comparison with the cases of a nonmagnetic stator. However, the increase was more prominent for the planar harvester than the tubular ones. Tubular harvesters with magnetic stator produced a little over 50% more output power than the ones with a nonmagnetic stator. In the case of the planar harvester, the increase was 65% for the axial pattern, and 76% for the Halbach pattern. Table 3 summarizes the largest attainable output power of all eight topologies. Table 3 . Comparisons of harvester topologies in terms of output power (power unit is mW).
Structure
Planar Tubular Not only did the tubular harvesters produce higher output power than the planar counterparts, but they also had another advantage. Since the tubular coils could be constructed without end-turns, the tubular structure was more efficient than the planar structure. The main concern for the tubular harvester with a Halbach pattern was that it employs a radially-magnetized PM which is difficult to manufacture and expensive. A brief market survey revealed that a radially-magnetized PM costs about 15 times more than similarly-sized axial PM.
Conclusions
In this study, an extensive investigation was carried out to compare the topologies of electromagnetic vibration energy harvesters. Eight topologies were considered by mixing the structure shape, the magnetization patterns, and the stator material. Each topology was optimized to find the largest attainable output power.
If was found that a tubular harvester with a Halbach magnetization pattern was the best topology if the stator is made of magnetic material. If the cost of radially-magnetized magnets is a barrier, a tubular harvester with axial magnetization pattern is an economical alternative with the right size of moving yokes. Even a planar harvester with a Halbach magnetization pattern is a viable option if the application requires planar structure. 
